Radiative and non-radiative charge carrier recombination in thin-film diodes plays a key role in determining the efficiency of electronic devices made of next generation semiconductors such as organic, perovskite and nanocrystals. In this work, we show that lowering the bulk recombination does not necessarily result in enhanced performance metrics of electronic 
Introduction
Sandwich-type thin-film diode devices based on organic semiconductors and perovskites exhibit great promise for future electronics and energy technology [1, 2, 3, 4] . Of particular interest is bipolar diodes which are essential for a multitude of diode applications, the most important being light-emitting diodes, photodetectors, and solar cells. A bipolar diode consists of an active semiconductor layer which is able to sustain both electron and hole transport. In the simplest thin-film device structure, the active layer, composed of intrinsic semiconductor(s), is sandwiched between two electrodes -a hole-injecting anode and an electron-injecting cathode. Depending on the application, electrons are then either to be injected or collected at the cathode, whereas holes are to be injected or collected at the anode.
Under low-voltage operation, the diode current density generally takes the form (1) where = ext − s is the applied voltage over the diode element, ext is the external applied voltage, s the series resistance of the external circuit and sh is the shunt resistance associated with parasitic leakage currents via shorts and defects in the film. Furthermore, ⁄ is the thermal voltage and ph is the additional photocurrent induced by exposing the diode to external light. Finally, 0 is the so called dark saturation current density. This parameter is highly dependent on the dominating charge carrier recombination mechanism [5, 6, 7] and plays a critical role in the determination of the open-circuit voltage of solar cells [8] and the noise equivalence power of photodetectors [9] .
The recombination of charge carriers is one of the most important mechanisms taking place in these diode devices. The recombination can be either radiative or non-radiative. While recombination is in general a loss mechanism in photodetectors and solar cells, radiative recombination is vital for the operation of light-emitting diodes. Moreover, while radiative recombination is unavoidable, non-radiative recombination has commonly been regarded as a parasitic loss mechanism. Non-radiative recombination mainly lowers the quantum efficiency in light-emitting diodes, increases the overall open-circuit voltage loss in solar cells and give rise to increased noise currents in photodetectors.
Another recombination channel, which is also generally associated with non-radiative recombination, is surface recombination at the contacts [10, 11, 12, 13, 14] . In this context, surface recombination refers to the unintentional collection of charge carriers at the "wrong"
electrodes, that is, electrons at the anode and holes at the cathode. To avoid this type of recombination, charge-selective interlayers are usually employed in-between the active layer and the electrode [15] . The successful operation of these layers relies on efficient transport of majority carriers (holes at the anode, electrons at the cathode), while simultaneously preventing minority carriers (electrons at the anode, hole at the cathode) from being injected and extracted at the contact in question. In organic semiconductor devices, and in particular organic solar cells, the presence of surface recombination remains controversial and the influence of surface recombination on the diode characteristics is often omitted. Simultaneously, in the past few years, a few state-of-the-art donor-acceptor systems have shown significantly reduced recombination and high efficiencies [16, 17] , yet no evidence for improvement in the radiative limit of the open circuit voltage has been reported. In this work, the impact of surface recombination on the dark saturation current in bipolar diode devices is investigated by means of analytical derivations and numerical simulations. Surface recombination dominates the dark current in systems with non-selective contacts and exhibiting low bulk recombination rate constants. This shows the key importance of selectivity of contacts especially in systems with reduced recombination. On the other hand, if selective contacts, that prevent surface recombination from taking place, are used the current is instead dominated by bulk recombination processes. Finally, the requirements needed to avoid surface recombination at the contacts are discussed.
Theory
In this work a drift-diffusion model is used to investigate the electrical transport, accounting for charge-carrier generation and recombination processes, space charge effects, and the properties of the contacts [13, 18] . The charge transport of electrons and holes is described by the charge carrier continuity equations, with the electron and hole current densities ( ) and ( ), respectively, assumed to follow the drift-diffusion relations for electrons and holes [5, 19] . For electrons, in the dark, the steady-state (time-independent) continuity equation reads
where ℛ is the net bulk recombination rate of charge carriers. Moreover, the classical Einstein relation is assumed to be valid for free charge carriers [20] ; subsequently, the electron and hole density and , respectively, are given by
where and are the electron and hole quasi-Fermi levels, respectively. Here, is the (effective) conduction level edge (for the electron transport states), is the (effective) valence level edge (for hole transport states), with and being the associated density of electron and hole transport states, respectively. Note that at thermal equilibrium ( = ), the product is constant and given by the law of mass action 2 = exp(− ⁄ ), with = − being the electrical energy level gap.
Based on the charge carrier continuity relations, the total current density = ( ) + ( ) flowing through the device in the dark can be written as
where = ∫ ℛ( ) 0 is the net bulk recombination current and = (0) + ( ) is the net surface recombination current. In forward bias, the total dark current density is thus determined by the net rate of charge carriers recombining within the bulk and the net rate of electrons and holes being collected at the anode and the cathode, respectively. A schematic energy level diagram is shown in Figure 1 .
Bulk recombination processes
In general, the bulk recombination rate of charge carriers takes the form
with 0 being the associated recombination coefficient. Free charge carriers can recombine with each other either directly by band-to-band transitions or indirectly by trap-assisted recombination via impurity states in the gap or Auger recombination [5, 21, 22] , the latter two being manifested by a carrier-density dependent recombination coefficient: 
as determined by the sum of charge carrier mobility for electrons and holes ( is the electron mobility, is the hole mobility), and the permittivity of the active layer ( 0 ).
In organic bulk heterojunction (BHJ) solar cells, however, a different situation usually prevails.
Firstly, the confinement of electrons and holes to separate phases, with electrons in the acceptor and holes in the donor, renders the charge encounter rate morphology-dependent [25, 26, 27, 28, 29] . Secondly, once an encounter between an electron (in the acceptor phase) and a hole (in donor phase) do occur, this results in the formation of an intermediate charge-transfer complex at the donor-acceptor interface [30, 31, 32] . This charge transfer complex may then either ultimately recombine into the ground-state, with a rate-coefficient , or dissociate back into free charge carriers, with the rate-coefficient . Qualitatively, the steady-state kinetics of the charge-transfer complexes, of density , can be described by
. While the encounter rate of free carries (forming CT states) is given by 0 , their net recombination rate to the ground state, after accounting for the back-dissociation of the CT states to separated charge carriers, is given by ℛ = 0 − [33, 34, 35, 36] . Here, is the generation rate of charge transfer complexes from photons mediated by excitons. For simplicity we assume that the quenching yield of the excitons is nearly perfect.
From the condition that the net recombination rate of charge carriers is zero (ℛ = 0) at thermal equilibrium ( = 2 ), it follows that
where = 0 ( + ) ⁄ is the reduced recombination with respect to the encounter rate constant 0 . In Eq. (8), the term 2 corresponds to the thermal generation rate of free charge carriers and is given by dissociation probability of the CT states ( ):
with , ℎ being the thermal generation rate of charge transfer complexes. Note that = ( 0 2 ⁄ ) exp( / ) and = ( , ℎ ⁄ ) exp( / ), assuming the thermal equilibrium density of (excited) CT states to be given by 0 = exp(− / ), where is the effective density of (excitable) CT states and is the energy of the CT state. Recent studies suggest that the decay rate constant for CT states is composed of both a radiative and a non-radiative component, implying that = , + , [37] . The injected electrons and holes will either recombine inside the active layer with a net bulk recombination rate ℛ, or be collected at the counter electrode. The collection current of electrons at the anode (0) and holes at the cathode ( ) is described as surface recombination of minority carriers at the contacts.
Surface recombination of minority carriers at the contacts
The surface recombination current density depends on the charge transport and the charge exchange rates of minority carriers (i.e. electrons at the anode, holes at the cathode) at the contacts. The corresponding electron current density at the anode in organic diode devices is described by [38, 39, 40] 
where is the surface recombination velocity for electrons at anode, whereas is the thermal equilibrium density of electrons at the anode given by
with = (0) − , being the corresponding injection barrier for electrons at the anode.
A contact that is non-selective with respect to charge carrier extraction is generally represented
by high values for the surface recombination velocities, typically on the order of 10 5 -10 6 cm/s. This is usually the case at contact surfaces with conductive metal electrodes or highly defective interlayers [13, 39, 21] . In low-mobility systems, a high surface recombination velocity is manifested by the surface recombination rate being limited by the bulk transport and not by the kinetics at the contact itself, virtually behaving as → ∞ [5, 13] . For a perfectly selective anode contact, in turn, no electrons are able to pass through the contact (i.e. (0) = 0), corresponding to an electron surface recombination velocity = 0 at the anode [39] . A selective contact is usually achieved by inserting a minority-carrier-blocking (but majoritycarrier-conducting) interlayer between the metal-like electrode and the active layer. However, even in case of a nominally selective contact, the presence of impurity-induced gap states (via which the transport of minority carriers can take place) or the possibility for (direct) recombination with majority carriers from the interlayer, might ultimately render the contact non-selective [15] . These are rather intrinsic limitations in realizing perfectly selective contacts in practice.
In order to explicitly relate the surface recombination current Eq. (10) at the anode to bulk properties of the active layer, consider the transport of electrons being collected at the anode.
The electron current equation is given by
where the last equality follows from integrating the electron continuity equation (Eq. (2)) with integrating from = 0 to = , the net surface recombination current of electrons at the anode is obtained as:
being the effective transport velocity for electrons diffusing towards the anode. A completely analogous expression can be found for the surface recombination current density of holes ( ) at the cathode. 
Results
The effect of charge-selective contacts on the dark current density of a bipolar diode is simulated in Figure 2 . A constant bulk recombination coefficient of = 0.01 × is assumed.
The active layer thickness is 100 nm, and equal electron and hole mobilities of = = 3 × From Figure 2 , it can be seen that by changing both contacts from non-selective to selective, a decrease in the magnitude of the current is obtained. This decrease is a consequence of removing the surface recombination, leading to a reduced recombination current overall. The total diode current reads
where 0 = ,0 + ,0 . In Figure 3 , the impact of the bulk recombination strength on the dark saturation current 0 , defined in accordance with Eq. (15), is simulated for the devices with selective and non-selective contacts. It can be seen that, for non-selective contacts, surface recombination becomes dominant in case of low bulk recombination strengths. Depending on the interplay between the bulk recombination strength ⁄ and the properties of the contacts, different situations can be identified. 
Bulk recombination dominates
In case of strong recombination inside the bulk, or if perfectly selective contacts are used, the current density is dominated by bulk recombination. Under these conditions, the current density under low-voltage operation reduces to
Then, under the approximation of constant quasi-Fermi level splitting throughout the active layer, ( ) − ( ) ≈ , and assuming the charge carrier encounter rate to be dominated by a bimolecular process, ,0 is given by
with 2 being the thermal generation rate of separated carriers in the bulk in accordance with Eq. (9). In general, the bulk recombination dominates over surface recombination when ,0 ≫ ,0 . At high bulk recombination levels, also the density of minority carriers at the contacts are lower, which further tends to suppress the surface recombination. Comparing the analytical approximation Eq. (17) with the simulated dark saturation current densities in Figure 3 , it can be seen that bulk recombination dominates (and Eq. (17) is valid) only in case of selective contacts and/or high bulk recombination coefficients.
It should be noted that in case of significant levels of trap-assisted or Auger recombination, the recombination coefficient becomes carrier-density dependent as well: = ( , ). In this case, in Eq. (17) needs to be replaced by its spatial average 〈 〉 = (1⁄ ) ∫ ( , ) 0 (assuming the quasi-Fermi level splitting remains constant throughout the bulk); this will ultimately result in an additional voltage-dependent ,0 = ,0 ( ) [6, 7] . For example, in case of trap-assisted recombination via deep midgap states within the bulk, we expect ,0 ( ) ∝ exp(− 2 ⁄ ) [41] .
Surface recombination of minority carriers at the contacts dominates
In case of non-selective contacts, on the other hand, a different situation arises in the limit of weak bulk recombination. In this limit the surface recombination (and injection), as manifested by diffusion-limited current transport of minority carriers, dominates over recombination (and generation) processes in the bulk, corresponding to ,0 ≫ ,0 . The current is then ruled by the surface recombination current,
where
with the effective diffusion velocity for electrons defined by Eq. (14); an analogous expression applies for the effective diffusion velocity for holes. Eq. (19) assumes that the surface recombination is limited by diffusion of minority carriers to the contact and not by the kinetics at the contact; this is valid as long as ⁄ ≪ ⁄ (here, is the surface recombination velocity for holes at the cathode). Figure 4 shows the dark saturation current density for the case when bulk recombination is negligible and the contacts are non-selective. Under these conditions, the current is solely dominated by surface recombination of minority carriers at the contacts. This type of situation may arise in case of large minority carrier lifetimes (reduced bulk recombination) giving rise to non-negligible minority carrier densities near the contacts. As expected, the current level is also strongly dependent on the energetic injection barrier for minority carriers at the contacts, increasing exponentially with decreasing injection barrier. In other words, the larger one of the injection barriers for majority carriers is, i.e. the more un-optimized the energy levels at the contact are, the larger will the surface recombination at said contact be. It can be seen however that, depending on the injection barrier, two different principal regimes can be identified. These two regimes are considered next.
Surface recombination at nearly neutral contacts
For low-voltage operation, the (diffusion-limited) minority carrier current is dominated by the potential energy landscape close to the contact (but inside the active layer). If the hole density at the anode contact is not too large, the influence of the hole-induced space charge on the prevailing electric field may be neglected. In this case, the energy level bending at the anode contact is small and the contact may be regarded as a "neutral" contact. Under these conditions, the potential energy level for electrons can be approximated as ( ) ≈ (0) + 0 , where
⁄ is the electric field in the active layer and is the built-in voltage. The associated diffusion velocity Eq. (14) for electrons can then be readily evaluated as
For voltages well below < , the diffusion velocity is thus well approximated by the electron drift velocity ≈ | 0 | at the anode.
Comparing the analytical approximation Eq. (18) and (19) , in conjunction with Eq. (20), with the simulated currents in Figure 4 , it can be seen that Eq. (20) provides an excellent approximation for the diffusion velocity at the lowest minority-carrier injection barriers and . At these and , the injection barriers for majority carriers is large enough (≥ 0.2 eV)
for the space charge from the majority carriers at the contacts to be negligible. It should be noted that for low voltages (0 < < ) the surface recombination current of electrons is only limited by the electric field close to the anode region. The effect of possible energy-level bending at the counter electrode (i.e. the cathode) is in this case to effectively decrease the built-in voltage inside the active layer [42] , leaving Eq. (20) otherwise unchanged (for < ). Under these conditions, should be considered an effective quantity which also accounts for the potential drop caused by energy-level bending at the counter electrode.
We noted that Eq. (18) and (19) , with the effective diffusion velocity given by Eq. (20) , is identical to previous expressions obtained by others to describe diffusion-limited currents in unipolar diodes [42, 43, 44] . Furthermore, we have omitted the image-force lowering of the minority-carrier injection barrier at the contacts [5, 45, 46] . Accounting for this effect generally leads to an increase of (relative to Eq. (20) . At (nearly) Ohmic contacts, however, the image charge effects are commonly assumed to be screened by the injected charge carriers, and the barrier-lowering effect may be neglected [24] . (18) and Eq. (19) have been included and depicted by the short-dashed line for the case with minority-carrier diffusion at nearly neutral contacts (Eq. (20)) and by the long-dashed lines for the case with minoritycarrier diffusion at a contact with strong energy level bending (Eq. (23)).
Surface recombination of minority carriers at heavily injecting contacts
As the minority-carrier injection barriers and are increased, however, the injection level of majority carriers increases drastically, and the energy-level bending at the contacts become important. Under these conditions, the contact region is highly conducting for majority carriers, the contact in this case corresponding to an Ohmic contact. For the case with a hole-Ohmic anode contact, the energy level bending is caused by the accumulated space charge of injected holes at this contact. Since the region close to this contact, by definition, is not limiting the current transport for majority carriers (holes), the majority carrier density is very closely at thermal equilibrium within this region (during low-voltage operation).
The Poisson equation in the vicinity of the Ohmic anode contact is given by 
with the characteristic screening length given by
, where is the (thermal equilibrium) hole density at the anode contact. The diffusion velocity of electrons, diffusing against the (hole-induced) upward energy-level bending is then obtained as
where we have introduced an additional correction factor to account for the density-ofstate (DOS) filling effects for majority carriers; under non-degenerate conditions, when Eq.
(22) applies and the details of the DOS is unimportant, we have = 1.
Upon comparing the analytical approximation Eq. (18) and Eq. (19), but with given by Eq.
(23), with the simulations in Figure 4 an excellent agreement is indeed obtained for the cases with the highest minority-carrier injection barriers when the energy-level bending induced by the majority carriers becomes significant (see lower inset in Figure 4(b) ). An interesting feature of the surface recombination current in this regime (Eq. (23)) is that it is independent of the active layer thickness. This is a direct consequence of the surface recombination being limited by diffusion in the thin space charge region close to the Ohmic contact.
DOS filling effects at the contact
Eq. (22) is strictly valid only for non-degenerate conditions, ≪ , when Boltzmann statistics applies. Under degenerate conditions, however, when ∼ , DOS filling effects for the injected holes at the anode contact becomes important [48] . Close to the anode, the hole density is then obtained by integrating the product of Fermi-Dirac distribution and density of states ( , ) over energy
assuming ≈ , in the accumulation region. It should be stressed that a constant mobility, independent of carrier concentration and the electric field, has been assumed for the electrons. This can be considered a valid approximation at low-voltage operation. Subsequently, the DOS filling (for the majority carriers at the contact)
only affects the minority carrier transport indirectly via Eq. (21). We note, however, that if the DOS is assumed to be Gaussian for electrons as well, the effective conduction level edge for electrons (following non-degenerate statistics close to the anode contact) will then be given by
, where ,0 is the corresponding DOS center for the electron transport states [49] . 
Discussion
The condition for surface recombination not to be dominating the current is given by ,0 ≪ ,0 . If the surface recombination is dominated by the collection of electrons at the anode, assumed to be non-selective in terms of carrier collection ( ≪ ), then this condition can be rewritten as
where ∼ | (0)| for < . To minimize the surface recombination, the energy level offset ( − ) for majority carriers at the contact needs to be as small as possible. However, as evident from Fig. 3 , even at relatively low injection barriers of − = 0.20 eV, a significant surface recombination of minority carriers is still present in the device, emphasizing the need for selective contacts. This is of particular importance in devices with low bulk recombination rates.
The open circuit voltage of solar cell
For over a decade, most high-efficiency organic BHJ systems have been found to exhibit recombination coefficient close to Langevin, = with reduction factors around 0.01-0.1 [50, 51, 52] . It is therefore not surprising that the surface recombination in such systems (majority of organic donor/acceptor blends) has often been ignored since it plays an insignificant role. In more recent years, there have also been a few reports of BHJ systems with high efficiencies exhibiting significantly suppressed bulk recombination (relative to Langevin) [16, 17] , however, evidence for reduced radiative losses in the is still lacking. From the above discussion about the crucial role of surface recombination in systems with small bulk recombination, it can be understood that surface recombination is a limiting factor in determining the of both non-Langevin BHJ systems and perovskite solar cells. It is also important to note that surface recombination may complicate the determination of nonradiative losses via charge transfer states in organic solar cells [37] . As seen from Fig. 3(b) , the surface recombination in non-Langevin type systems ( ≪ 1) increases 0 by several orders of magnitude and this may exceed the non-radiative limit of 0 in the bulk. In this case, the surface recombination in systems with significantly small bulk recombination may easily be confused by non-radiative environmental-assisted recombination.
Light-emitting diodes and lasers
In light-emitting diodes it is well established that charge-blocking layers are required in order to "confine" the carriers in the device [1] . In LED nomenclature the term surface recombination is sometimes omitted but the concept is well known in that area of research. One striking aspect of surface recombination is the limitations it sets in achieving organic injection lasers. A hypothetical injection organic laser requires extremely high carrier density in order to achieve population inversion at which the quasi-Fermi level splitting exceeds the bandgap. Such conditions may be challenging to achieve with typical Langevin type materials in which electrons and holes recombine as soon as they meet in space. In non-Langevin systems, in turn, the lifetime is much longer and electrons and holes can exist in the bulk, forming a plasma.
However, at small recombination rates in the bulk, the surface recombination becomes dominant -pinning the quasi-Fermi levels to the contacts at high injection levels and making the population inversion nearly impossible. Even a very small surface recombination velocity would result in rather large surface recombination current are high injection levels. An important obstacle in front of organic injection laser is therefore not only a highly luminescent semiconductor with small bulk recombination but also extremely selective contacts which are difficult to achieve.
Photodetectors and surface recombination
The most important performance metric for photodetectors is their noise equivalent power; the power at which the signal equals the noise, i.e. when the photocurrent has the same magnitude as the noise current. The noise current has multiple components including frequency-dependent flicker and generation/recombination noise and frequency-independent thermal and shot noise [3, 9] . In the ideal case, when the shot noise is dominant in reverse bias, the noise power is given by 〈 2 〉 = 2 0 Δ where Δ is the electrical bandwidth and 0 is the (average) dark saturation current, as before.
Ideally, 0 is only determined by radiative bulk process. Taking non-radiative bulk recombination of charge transfer states into account, 0 is increased by a factor of EQE EL −1 , where EQE EL is the external quantum efficiency for electroluminescence [7] . Unfortunately, significant non-radiative recombination appears to be an intrinsic limitation of organic BHJ systems and increases with decreasing the bandgap [37] , required for near-infra red (NIR) photodetectors [53] . As such, organic semiconductors do not seem to be entirely suitable for sensitive NIR detection with EQE EL values less than 10 −6 in narrow gap systems [54] .
However, as show in Fig. 3(a) , suppressing the bulk recombination can result in significant reduction of 0 provided the contacts are as selective as possible. Again, this is a challenging requirement but presents a hope for NIR detection using organic semiconductors.
Conclusions
In summary, the surface recombination of minority carriers at non-selective contacts becomes important in bipolar thin-film diodes with low bulk recombination rates and/or high mobilities.
Under low-voltage operation, the surface recombination at non-selective contacts in thin-film diodes based on low-mobility semiconductors, is governed by diffusion of minority carriers towards the contacts, and increases with increasing carrier mobility and decreasing injection barrier for minority carriers. In case of Ohmic contacts, the surface recombination of minority carriers is limited by diffusion against the energy-level bending at the contact. Since surface recombination give rise to increased (non-radiative) recombination and dark current levels, this ultimately also results in increased open-circuit voltage losses of organic solar cells and noise current levels in thin-film photodetectors. In thin-film devices with low bulk recombination rates and/or un-optimized energy levels at the contacts, the use of selective contacts is therefore of paramount importance.
